Introduction
Mucopolysaccharidosis II (MPS II, Hunter syndrome; OMIM #309900) is a lysosomal storage disorder (LSD) caused by a mutation in the X-linked gene IDS. This results in deficiency of the lysosomal enzyme, iduronate 2-sulfatase (I2S), in the metabolic pathway that leads to degradation of the glycosaminoglycans (GAGs), dermatan sulfate (DS) and heparan sulfate (HS) [1] . This enzyme deficiency blocks the stepwise degradation of DS and HS, resulting in the accumulation of DS and HS in lysosomes and extracellular matrix (ECM) of a wide range of tissues. Although the primary result of enzymatic deficiency is accumulation of GAGs and secondary substrates, the mechanism causing the pathogenesis of the disease still remains unknown [2] . MPS II has a prevalence rate between 1:100,000 and 1:170,000 male births [3, 4] , and is the most prevalent form of MPS disorders in Asian countries where it accounts for around 50% of all MPS cases diagnosed [5] .
Patients with MPS II have a wide range of symptoms caused by the disease that affect multiple different organ systems. The severe phenotype is more than twice as prevalent as the attenuated form of the disease, and is characterized by profound CNS involvement and is usually fatal in early childhood if not treated [6] . Patients with the attenuated phenotype may survive into adulthood without CNS involvement [1, 7] .
Inguinal and/or umbilical hernia, course facial features, otitis and nasal obstruction along with recurrent upper respiratory tract infections are some of the early diagnostic cues in MPS II [8] . Extensive and aberrant Mongolian spot is also a characteristic finding of Hunter syndrome in Japan [9] . The skeletal abnormalities in MPS II are similar regardless of clinical phenotype, and are common among other types of MPS disorders. The skeletal abnormalities are characterized in general as a thickening of the long bones with irregular ossification centers [1] .
The major causes of morbidity and mortality in patients with MPS II are due to abnormal heart development; 82% of patients have cardiovascular signs and symptoms [1] . Detrimental CNS involvement in MPS II manifests most often as progressive cognitive degeneration, although individuals with the attenuated form of the disease have minimal CNS involvement. Patients may be able to reach early developmental milestones; however, psychomotor delays usually occur during the late infantile period [1] . Surgical procedures to correct inguinal and/or umbilical hernia are often performed before the diagnosis of Hunter syndrome [10] .
There are currently two major therapies for patients with MPS II; enzyme replacement therapy (ERT) and hematopoietic stem cell therapy (HSCT).
ERT has been used to treat several types of MPS disorders, and for MPS II a recombinant form of human I2S is used (idursulfase, Elaprase®, Shire Human Genetic Therapies, Inc., Lexington, MA, USA). Clinical trials have shown that ERT decreases urinary GAG levels and improves measures of pulmonary function, walking ability, and visceral organ function [11] [12] [13] [14] . Several limitations for conventional ERT have been noted: 1) limited efficacy for hard connective tissues including bone and heart valves due to avascularity of these tissues, 2) difficulty in compliance due to required 4-5 hour intravenous infusions every week, and 3) the high cost of treatment. Moreover, the enzyme cannot pass through the blood-brain barrier, and conventional ERT will have no effect on the CNS aspects of the disease [1, 2, 15, 16] .
Results from the Hunter Outcome Survey (HOS) show that response to treatment is not associated with either clinical phenotype or age at initiation of treatment [11] . MPS II patients treated with ERT continued to grow; however, their growth was not directly compared to untreated patients [11, 17] .
HSCT has been shown to be effective in the treatment of several MPS diseases and other LSDs. HSCT has been indicated for MPS II as part of standard care in Japan, leading to the fact that over 50 patients were treated by HSCT until now. The efficacy of HSCT on visceral organs was clear and similar to that of ERT. Tanaka et al. demonstrated that HSCT is effective in relieving both brain (CNS involvement) and heart defects, when treatment is performed at an early stage, before signs of brain atrophy and heart valve issues [18] . However, a systematic description of the impact of HSCT on growth of patients with MPS II has not been reported.
Thus, there remains little knowledge on the relative effectiveness of the two therapies in treating the skeletal deformities and overall growth in patients with MPS II. We recently resolved one of the underlying limitations of such studies by establishing growth charts for untreated patients with Hunter syndrome [19] .
In this report we explored the impact of the two therapeutic options on growth of patients with MPS II. We evaluated the therapeutic effect on growth between patients treated with ERT or HSCT, in comparison with untreated patients with MPS II and age-matched healthy controls. We also propose therapeutic options for MPS II considering improvement or attenuation of other signs and symptoms.
Materials and methods

Study subjects
Patients diagnosed with MPS II by enzyme assay were recruited at Gifu University to participate in this study by providing clinical history and growth data. A questionnaire was sent to local medical centers in Japan where patients with MPS II had received ERT and/or HSCT. Informed consent was obtained from the patients and/or their guardians by the attending physicians. The study was approved by the Institutional Review Boards (IRB) at Gifu University and at the Nemours/Alfred I. duPont Hospital for Children. Seventy-two patients treated with ERT and/or HSCT were enrolled in this study. 28 patients were excluded to focus on the 44 Japanese male patients who had started treatment at or before 8 years of age so that we could observe the impact on growth. Twenty-six of these patients were treated with ERT alone, and 12 were treated with HSCT alone. The remaining 6 patients were treated initially with ERT, and then later with HSCT. Their growth data was added to the respective treatment groups during the times when they were receiving treatment. There were 4 sibling cases included in our study.
Anthropometric measurements
Measurement of height was performed using the health-check system in Japan (infantile health-check at public healthcare centers in local government, health-check in schools and/or in hospitals). Anthropometric measurements were taken using a standard technique and included body length and weight. Until 3 years of age, the lengths of patients were measured in the supine position using a liberometer. After 3 years of age, height was taken in a standing position using a stadiometer, and was fairly objective, although height measurements might be affected due to structural abnormalities. Measurements were made an average of 3 times per patient.
Treatment
ERT was administered 1 mg/kg weekly. Patients who had received HSCT and had confirmed donor cell engraftment were chosen to participate in this study.
Statistical analysis
Data used for the construction of growth curves were age (years and months), height (cm), and weight (kg). Body mass index (BMI) was calculated from height and weight data by dividing weight by height squared (kg/m 2 ). Statistical analyses for mean and standard deviation were then performed on the data sets. Student's t-test was performed on the height, weight, and BMI data for patients according to therapy type to determine the statistical relationship between these two patient groups. These data were also compared with the values in untreated patients with MPS II [19] . The standard control data was taken from established Japanese data sets for healthy male controls issued by the Japanese Ministry of Health, Labor, and Welfare. Control data from untreated subjects were obtained from a different study that utilized identical testing within the same laboratory. This study was based upon the data obtained from 111 Japanese male patients with MPS II. On average, height and weight measurements were obtained at 8 time points for each patient [19] .
Results
Demographics
The mean age of symptom onset was 24 ± 20 months and the mean age at diagnosis was 37 ± 21 months. Mean age at start of ERT was 4.49 ± 2.35 years, while mean age at start of HSCT was 4.68 ± 1.63 years, suggesting that no significant difference in the age at start of therapy was observed. Of the 44 patients included in our study, 35 had the severe phenotype, and 9 had the attenuated phenotype. One patient diagnosed with the attenuated phenotype was treated with HSCT, while 7 were treated with ERT, and one was treated with ERT then HSCT. Eleven patients with the severe phenotype were treated with HSCT, while 19 were treated with ERT, and 5 were treated first with ERT and successive HSCT.
Heights
ERT-treated patient heights were not significantly different from untreated patient heights for children younger than 8 years of age, but older treated patients were significantly taller ( Table 1 , Fig. 1 ), suggesting that long-term observation is required to see an impact on growth.
Similarly, HSCT treated patients were not significantly different from untreated patients for children younger than 8 years of age but were significantly taller than untreated patients from 10 to 18 years of age (Table 1 , Fig. 1 ). The children approaching maturity were 20 cm taller than the age-matched untreated patients.
Heights of treated or untreated patients were similar to normal controls for patients younger than 6 years of age ( Fig. 1 ). After 6 years of age, growth of untreated patients is significantly slowed (19 and Fig. 1 ). While the growth rate of ERT treated patients is less than that of the controls it is clearly faster than that of untreated patients (Fig. 1) .
In this study both treatments showed a similar effect in improving growth curves for MPS II (Table 1 , Fig. 1 ). 
Body weight
Patients younger than 8 years old appeared to be heavier than age-matched controls, with or without ERT-or HSCT-treatment (Fig. 2) . Weight gain in ERT-treated patients younger than 10 years of age was not significantly different to that in untreated patients (Table 2, Fig. 2 ). After the age of 10, weight gain slows in untreated patients and weight is significantly lower in 12 year old patients compared to the age-matched treated patients (Table 2) .
Similarly, HSCT-treated patients were not significantly heavier than untreated patients up to 10 years of age and older, HSCT-treated patients were heavier than age-matched controls ( Table 2 ). The two 18-year-old HSCT-treated patients were not as heavy as the 16 years old, but the significance of this change for just 2 patients is not clear. Increases in body weight for ERT-and HSCT-treated patients were similar ( Table 2 , Fig. 2 ).
BMI
BMI of untreated patients with MPS II is significantly higher than that of controls (Fig. 3) . BMI was significantly lower in ERT-treated patients in the 10 year age group and in HSCT-treated patient in the 16 year age group compared to age-matched untreated patients, but were not significantly different in other age-groups (Table 3, Fig. 3 ).
Case reports 3.5.1. Sibling cases
There were 4 sibling pair cases included in our study, one of which gave enough data to compare growth charts. One patient with a severe form was treated with HSCT at 2 years of age. His height and 
Combined therapies
Six patients were initially treated with ERT before being treated with HSCT. The mean time difference between start of ERT and start of HSCT was 2.08 ± 0.93 years. ERT was discontinued immediately or 
Discussion
In this study, we evaluated the overall growth of patients with MPS II treated with ERT and/or HSCT, when treatment started at or before 8 years of age. Our study has demonstrated 1) that both ERT and HSCT provide a significant positive impact on the growth of patients with MPS II, and 2) that there is no significant difference in growth impact between patients treated with either ERT or HSCT from 4 to 12 years of age. These findings indicate that both treatments are equally effective at improving the overall growth in patients with MPS II.
Although one would predict that the more rigorous treatment in the HSCT-treated group, that includes chemotherapy and radiation, impairs growth, the gain in height and weight of these patients was comparable to that of the ERT-treated patients (Table 1, Fig. 1 ). In both treatment groups, patients showed initial overgrowth in height, when compared to the healthy control subjects. By 14 years of age, the mean heights of ERT-and HSCT-treated patients were lower than those in the healthy control group (Fig. 1) . These findings show that the growth in either treatment is still not restored to that of the age-matched control group, although both treatment groups improved height significantly, when compared to untreated patients.
The overgrowth in weight of young children with MPS II compared to healthy control subjects was not reduced by either treatment. This is not unexpected as most measurements in this age range were from patients who were just beginning treatment. It is not clear whether this overgrowth could be reduced if patients were treated at an earlier age or if this overgrowth is of significance in disease progression. It was noteworthy that although the mean weight of ERT-treated patients fell below that of the healthy control subjects after 8 years of age, the mean weight of ERT-treated patients was not more than one SD below the mean weight in the age-matched control subjects (Fig. 2) . Both treatment groups also showed increased body weights compared to untreated patients. Thus improved weight is a clear marker of treatment effect.
The time lag between the start of treatment and its effect on growth could be due to the avascular region of the growth plate, causing the infused or expressed enzyme to have poor access. Even if either of the treatments is able to quickly reduce GAG levels in urine, blood, and visceral organs, it may take more time to correct pathology in bone lesions.
The youngest patient treated with HSCT was 2 years of age, and he reached a height of 154 cm at 16 years of age, showing the most growth among any HSCT-or ERT-treated patients in our study. A sibling of this patient was treated with HSCT at 5.4 years of age, and was on average 8 cm shorter and 5.8 kg lighter than his brother at the same age between 6 and 16 years. This unique case indicates that early intervention with HSCT may provide a major benefit for patients. The mean age at which patients were treated with HSCT in this study was 4.68 years of age. The limited number of patients did not enable a statistical analysis of potential benefit of early treatment, but it is likely that early diagnosis and treatment of patients with HSCT will have a larger impact on growth. Accumulation of more data on growth charts of patients treated with HSCT at a younger age will help to clarify the potential benefit of early treatment on growth and development.
It is of interest that the more significant differences between treated and untreated patients were in height rather than in weight. The less significant changes in body weight resulted in the fact that the BMI of patients remains still higher during treatment compared to normal controls (Table 3, Fig. 3 ). Increased BMI with age is a hallmark of untreated patients with MPS II (Fig. 3) . A high BMI might stem from an overall lower activity in daily life for patients, with or without treatment. In clinical trials, ERT-treated patients showed a significant increase in the 6-minute walk test (6MWT) [20] [21] [22] , but this may not have an effect on the daily activity of patients receiving treatment. We recommend that physicians should consider the effect of overweight or obesity to the general health and activity of daily life in patients with Hunter syndrome during the course of treatment and encourage increased activity. More data is required to determine whether treatment can reduce BMI as the children approach adulthood.
In this study, we could not determine whether one treatment was more effective than the other, based on growth charts. Although the diagnosis of phenotype (severe or attenuated) is classified by CNS involvement [6] , growth charts for patients with severe or attenuated phenotypes are similar [19] . This is consistent with the observation that patients respond equally to treatment with ERT, regardless of CNS involvement or puberty status [11] . This study had several limitations that impact interpretation. One limitation is the restricted number of patients in each treatment group. Comparisons between the two therapies could not be achieved at all ages, although statistical analysis of patients between 4 and 12 years of age showed no significant difference in effect on growth.
A second limitation is that the starting age of treatment varies in clinical practice. Schulze-Frenking et al. showed that patients who had begun treatment with ERT before 10 years of age had larger improvements in growth than patients who had started treatment after 10 years of age [17] . Therefore, we focused on patients who started therapy before 8 years of age. The mean age at the start of treatment with ERT (4.5 ± 2.4 years) was similar to the mean age at the start of treatment with HSCT (4.7 ± 1.6 years). The limited range of treatment start dates did not allow a detailed analysis of effect of age at treatment on growth even though the staring age is predicted to provide a substantial impact on growth.
A third limitation of our study is that the data collected was from patients from one ethnic background. While this data allows for an accurate tool to track the progression of the disease and any treatments given to Japanese patients, it may not accurately reflect the growth in other ethnicities.
Another limitation is that the accuracy of body length measurements might vary due to contractures, an inability to stand erect, and lack of investigator cooperation in performing the measurements that could skew measurements, particularly for younger patients.
It has been reported that combined treatment with ERT and HSCT has an additive effective in reducing GAG concentrations in kidney, heart, and lung in an MPS II mouse model [23] . Six patients in our study had been given ERT for 2.08 ± 0.93 years before HSCT, but ERT continued only for a short time after HSCT. Consequently, we could not determine whether there was any additive effect of prior or overlapping ERT treatment on the growth.
It has been proposed that HSCT provides a limited effect or no impact to improve the clinical features of MPS II, with a high mortality rate (Table 4 ). Therefore, HSCT should not have been considered as the first treatment option for MPS II. Recent long-term follow-up studies on MPS I, II, III, IVA, VI, and VII patients treated with HSCT allowed the therapeutic efficacy of HSCT to be re-assessed. Recent data indicate that HSCT does show improvement in brain and bone involvement, while conventional ERT did not provide effectiveness in brain and heart valves [18, 24, 25 , personal communications with Dr. Chinen, Dr. Tanaka, Dr. Kato, Dr. Yabe, and Dr. K. Orii]. Results presented in this study also show that HSCT has a positive effect on growth that is indistinguishable from the effect of ERT.
A potential advantage of HSCT for treating MPS II is that marrow-derived donor macrophages can provide a continuous secreting source of enzyme and that these cells can gain access to sites throughout the body where GAGs are stored. The clinical consequence of HSCT relies on 1) the age of the patient at the time of transplantation, 2) the severity of clinical phenotype, 3) the type of donor, and 4) the course of preparative regimen. Tanaka et al. reported long-term efficacy of HSCT on urinary GAG level and improvement/ attenuation of CNS and heart involvement for patients with MPS II. They concluded 1) that urinary GAG concentration was remarkably lower in HSCT-treated patients compared to age-matched untreated patients and reduced more compared to ERT-treated patients, and 2) that HSCT showed improvement or stabilization of brain MRI, activity of daily life, and heart valves, compared to ERT-treated patients [18] . Especially, more impact on therapeutic efficacy for CNS involvement was shown to the group of the patients whose clinical signs and symptoms appear after 2 years of age.
Advantages of HSCT over ERT include (Table 4) ; 1) one time permanent treatment if engraftment is successful, 2) active enzyme secreted from bone marrow can access many tissues including brain, bone, and heart valves, 3) continuous expression of the enzyme during the life-time of the patient, 4) improvement of cognitive function with early treatment, and 5) it is cost-effective (less than the cost of ERT for one year). Disadvantages of HSCT include 1) a chance of mortality during treatment (although the risk has been diminished substantially), 2) age limitation for a severe phenotype of patients with CNS involvement, 3) limited by patient health condition, 4) limited by expertise at medical facility, and 5) requires a rigorous regimen in hospital before and after HSCT for 2-3 months (Table 4) . In early studies, the mortality rate of HSCT was approximately 20-25% [26, 27] . With advanced techniques and earlier introduction of HSCT, the survival rate after treatment of MPS II improved to 88.5% during the period from 1990 to 2003 [18] . All eighteen patients with MPS treated by HSCT since 2000 have survived (personal communication with Dr. Yabe, Tokai University). Thus, HSCT is much safer than before, although survival rates could still depend upon the institution and expertise of their staff.
Overall, we propose that HSCT should be considered as a therapeutic option for MPS II, depending on a careful consideration of the risk/benefit ratio. Prospective investigation for improvement or attenuation of CNS involvement is required in order to fully evaluate the impact of HSCT compared with ERT.
One of the reasons why the mortality rate of HSCT was high during initial attempts in 1980-1990 is that patients who underwent HSCT were already at an advanced or even a terminal stage of disease progression. It will not always be suitable for patients with advanced stage disease to complete the rigorous regimen of HSCT. However, with the advanced technology and awareness of the disease, early diagnosis is becoming more feasible, and, therefore, patients with MPS II can receive HSCT when their health condition is favorable at an early stage.
Several models of newborn screening (NBS) for MPS are now under development [28] [29] [30] [31] [32] . Once NBS is established leading to diagnosis of asymptomatic patients, a tailor-made therapeutic approach for the individual patient with MPS can be devised by a well-trained multi-disciplinary team (Fig. 4) . Cell therapy including HSCT and/or ex-vivo gene therapy should be one of the primary choices as a permanent therapy. ERT could also contribute to the short-term care to keep patients in a better condition before and after cell therapy. A careful long-term assessment of HSCT, ERT or combination therapy should be made to determine the ultimate guideline of treatment.
In conclusion, we have evaluated an impact on growth in patients with MPS II treated by ERT and/or HSCT. ERT and HSCT provide a comparable impact on growth, indicating that HSCT can be a recommended option at an early stage in MPS II considering effectiveness towards brain or heart involvement.
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